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HEMOPHILIA UPDATE: OUR CUP RUNNETH OVER

     Hemophilia gene ther apy: ush er ing in a new 
treat ment par a digm ?  
     Lindsey A.   George  
 Department of Pediatrics, Perelman School of Medicine at the University of Pennsylvania, Philadelphia, PA; and Division of Hematology and 
Raymond G. Perelman Center for Cellular and Molecular Therapeutics, Children ’ s Hospital of Philadelphia, Philadelphia, PA 

   After 3 decades of clin i cal tri als, repeated proof - of - con cept suc cess has now been dem on strated in hemo philia A and 
B gene ther apy. Current clin i cal hemo philia gene ther apy efforts are largely focused on the use of sys tem i cally admin-
is tered recom bi nant adeno - asso ci ated viral (rAAV) vec tors for  F8  or  F9  gene addi tion. With mul ti ple ongo ing tri als, 
includ ing licens ing stud ies in hemo philia A and B, many are cau tiously opti mis tic that the fi rst AAV vec tors will obtain reg-
u la tory approval within approx i ma tely 1 year. While supported opti mism sug gests that the goal of gene ther apy to alter 
the par a digm of hemo philia care may soon be real ized, a num ber of out stand ing ques tions have emerged from clin i cal 
trial that are in need of answers to har ness the full poten tial of gene ther apy for hemo philia patients. This arti cle reviews 
the use of AAV vec tor gene addi tion approaches for hemo philia A and B, focus ing spe cifi   cally on infor ma tion to review 
in the pro cess of obtaining informed con sent for hemo philia   patients prior to clin i cal trial enroll ment or admin is ter ing a 
licensed AAV vec tor.  

   LEARNING OBJECTIVES 
   •    Understand information important to review with hemophilia patients prior to consenting for a clinical trial

or approved AAV vector 
  •    Differentiate information that is well understand from information that remains incompletely understood  

 CLINICAL CASE 
  A 62 - year - old man with severe hemo philia A (HA) with a his-
tory of an inhib i tor, erad i cated by immune tol er ance induc-
tion, on emicizumab pro phy laxis is inter ested in enroll ing 
in a HA gene ther apy trial or receiv ing a licensed adeno -
 asso ci ated viral (AAV) vec tor that will be avail  able soon. 
His comorbidities include 3 tar get joints, a prior 2 - decade 
his tory of the hep a ti tis C virus (HCV) infec tion with stage 2 
liver fi bro sis, and HIV well con trolled on antiretroviral med-
i ca tions. He wants to know what is known and unknown 
about hemo philia gene ther apy.  

 Introduction: What are the cur rent approaches
for hemo philia gene ther apy ?  
 Clinical approaches in hemo philia gene ther apy nearly exclu-
sively use sys tem i cally deliv ered recom bi nant AAV (rAAV) 
vec tors to tar get hepa to cyte expres sion of an epi som-
ally maintained transgene expressed under a hepa to cyte 
 pro moter ( Table 1 ). The vec tor is engineered from nat u rally 

occur ring AAV, which is non patho genic in humans and rep-
li ca tion defec tive. rAAV vec tors are pro duced in cell cul ture 
using either HEK293 mam ma lian cells or baclovirus / Sl9 insect 
cell cul ture. The design and manufactur ing of rAAV vec tors 
was recently reviewed by Li and Samulski. 1  

 While hepa to cytes are the nat u ral site of fac tor IX (FIX) 
syn the sis, liver sinu soi dal endo the lial cells are the pre-
dom i nate site of fac tor VIII (FVIII) syn the sis. 2  Most HA rAAV 
vec tors con tain a B - domain deleted FVIII, FVIII - SQ trans-
gene that retains full procoagulant func tion and accom-
mo dates AAV vec tor pack ag ing con straints (4.7 kB). 3  This 
exact amino acid sequence has been used for recom bi nant 
pro tein HA ther apy for 2 decades (eg, Xyntha / ReFacto ® , 
Pfi zer) with out evi dence of increased risk of inhib i tor for-
ma tion. A sin gle trial is using an alter na tive B - domain 
deleted FVIII, FVIII - V3 that con sists of the SQ linker with 6 
addi tional N - linked gly co syl a tion sites to improve expres-
sion. 4,5  All enroll ing hemo philia B (HB) tri als have adapted 
the use of the  FIX - Padua  ( FIX - R338L ) muta tion, which is a 
nat u rally occur ring mis sense muta tion with approx i ma tely 
8 - fold greater spe cifi c activ ity rel a tive to wild - type FIX. 6 - 10  
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What are the short- and long-term rAAV safety  
con sid er ations?
In the 300-fold range of rAAV vec tor doses (2 × 1011 to 6 × 1013 
vg/kg) thus far eval u ated in hemo philia clin i cal tri als, there have 
been no major safety con cerns.

In the short term, a small num ber of sub jects across 3 tri als 
at rAAV vec tor doses rang ing from 2 × 1012 to 6 × 1013 vg/kg have 
expe ri enced acute vec tor infu sion reac tions, includ ing a sin gle 
inci dence of ana phy laxis and a cou ple of inci dences of either 
myal gias, fever, and/or hypo ten sion of unclear eti  ol ogy that may 
be con sis tent with an innate immune response to rAAV11-14; these 
events have not clearly cor re lated with clin i cal out comes post 
vec tor.

Because AAV effi ciently tar gets the liver, the bulk of safety con-
sid er ations of sys temic rAAV deliv ery have focused on hep a to tox-
ic ity. Within hemo philia tri als, a sin gle study outlined multimonth 
trans am i nase ele va tions post vec tor of unclear eti  ol ogy that were 
not asso ci ated with liver dys func tion and resolved.11,15 Beyond 
this, most trans am i nase ele va tions observed in hemo philia tri als 
occurred in the set ting of an immune response to the rAAV cap-
sid.9,14,16-18 This AAV cap sid immune response is hypoth e sized to 
occur when CD8+ T cells rec og nize cap sid pep tides on the sur-
face of trans duced hepa to cytes, trig ger ing a cel lu lar immune 
response that results in clear ance of the trans duced cells.19 While 
the AAV cap sid immune response has not posed safety con cerns 
in hemo philia, it has dimin ished or prevented effi cacy in some 
tri als.9,16-18 Close mon i tor ing for a cap sid immune response within 
the first 3 months or so post vec tor clas si cally includes fac tor 
assays, liver func tion stud ies, and periph eral blood mono nu-
clear cell inter feron-γ anticapsid enzyme-linked immu no sor bent 
spot assays that, when interpreted as con sis tent with a cap sid 
immune response, trig ger inter ven tion with immune-mod u lat ing 
ther a pies to main tain transgene expres sion; glu co cor ti coids have 
been used pre dom i nantly,9,16-18 but other immune-mod u lat ing 

agents have been used con cur rently with glu co cor ti coids or in 
iso la tion to main tain transgene expres sion.10,13,14 Additional study 
is needed to under stand which reg i men best main tains transgene 
expres sion. Further still, because some stud ies have employed 
glu co cor ti coids while simul ta neously reporting that par tic i pants 
had no cel lu lar immune response, addi tional study is needed to 
dis tin guish a cel lu lar immune response vs other poten tial eti  ol o-
gies for ele vated trans am i nases.12,13,15

While safety in hemo philia has been excel lent, rAAV vec tors 
devel oped for other mono genic dis or ders sug gest there may 
be dose-lim it ing hepatic toxicities with sys temic rAAV vec tor 
doses >1 × 1014 vg/kg. Specifically, Zolgensma (Novartis), an 
rAAV9 vec tor and the first licensed sys temic rAAV vec tor, deliv-
ered at a dose of 1.1 × 1014 vg/kg dem on strated not only remark-
able effi cacy for spi nal mus cu lar atro phy but also evi dence of 
hepatic tox ic ity in clin i cal trial such that it was approved with a 
boxed safety warn ing for acute liver injury. Subsequently, a case 
report outlined 2 chil dren presenting 6 to 8 weeks post Zol-
gensma infu sion with acute liver fail ure that resolved with glu-
co cor ti coid inter ven tion.20 While the exact eti  ol ogy is unclear, 
the tim ing post vec tor, liver biopsy spec i mens dem on strat ing 
CD8+ T-cell infil tra tion, and respon sive ness to ste roids sug gest 
an immune-medi ated pro cess that is pos si bly con sis tent with 
an rAAV cap sid immune response. These obser va tions sup port 
the pos si bil ity that the rAAV cap sid immune response has safety 
impli ca tions and sup port using the low est pos si ble rAAV vec tor 
dose to min i mize safety con cerns and max i mize effi cacy. Addi-
tionally, a study using an rAAV8 vec tor for X-linked myotubular 
myop a thy reported that 3 of 17 boys in its 3.5 × 1014 vg/kg dose 
cohort devel oped liver fail ure approx i ma tely 6 weeks post vec-
tor and ulti mately succumbed to com pli ca tions.21 The gene ther-
apy com mu nity eagerly awaits a com pos ite anal y sis of these 
obser va tions. Nonetheless, these tragic events sup port pos si ble 
dose-lim it ing toxicities of sys temic rAAV vec tors at doses >1 × 1014 

Table 1. Ongoing hemo philia A and B gene ther apy tri als

Sponsor Clinicaltrials  .gov
Manufacturing 
plat form Transgene

Capsid 
sero type Dose (vg/kg) Phase Ref

HB
 UCL/St. Jude NCT00979238 Mammalian scFIX AAV8 2 × 1011 to 2 × 1012 1/2 16,45

 Pfizer/Spark NCT03681273
NCT03307980

Mammalian ssFIX-R338L SPK100 5 × 1011 1/2, 3 9

 uniQure NCT02396342 Sl9 (insect) ssFIX-R338L AAV5 2 × 1013 3 8

 Freeline NCT03369444 Mammalian scFIX-R338L AAVS3 7.5 × 1011  
9.5 × 1011

10

HA
 BioMarin NCT02576795

NCT03392974
NCT03370913

Sl9 (insect) ssFVIII-SQ AAV5 6 × 1013 1/2, 3 11,15

 Sangamo/Pfizer NCT03061201 Sl9 (insect) ssFVIII-SQ AAV6 3 × 1013 1/2, 3 18

 Spark NCT03003533
NCT03432520

Mammalian ssFVIII-SQ LK03 5 × 1011 to 2 × 1012 1/2 14

 UCL/St. Jude NCT03001830 Mammalian ssFVIII-V3 AAV8 6 × 1011 to 6 × 1012 1/2 4,5

 Bayer/Ultragenyx NCT03588299 Mammalian ssFVIII-SQ AAVhu37 5 × 1012 to 2 × 1013 1/2 58

 Takeda NCT03370172 Mammalian ssFVIII-SQ AAV8 1/2

sc, self-com ple men tary; ss, sin gle stranded; UCL, University College London.

http://Clinicaltrials.gov
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vg/kg, which are >1.6- to 500-fold higher than the rAAV doses 
used in hemo philia.

Finally, dor sal root gan glia (DRG) tox ic ity has recently emerged 
as a poten tial short- or long-term safety con cern. Overwhelm-
ingly, these obser va tions are his to log i cal find ings in large-ani mal 
mod els. Specifically, a meta-anal y sis of NHP data (n = 33 vec tors, 
n = 256 NHPs) by a sin gle lab o ra tory fol low ing het ero ge neous 
routes of admin is tra tion (intra the cal, intracisternal magna, and 
sys temic), vec tor doses, AAV cap sids, and transgenes reported 
no or mild his to log i cal evi dence of DRG tox ic ity in most ani mals 
that appeared to be dose depen dent and more com mon with 
direct cen tral ner vous sys tem admin is tra tion.22 Importantly, clin-
i cal symp tom atol ogy in only 2 ani mals was attrib uted to DRG 
tox ic ity. Subsequent NHP stud ies by the same group suggested 
DRG tox ic ity may be related to an unfolded pro tein response 
abro gated when inhibiting transgene expres sion in the DRG with, 
as yet, unclear clin i cal trans la tion.23 Thus far, in the full cadre of 
clin i cal AAV tri als span ning 3 decades, var i ous routes of admin-
is tra tion for a vari ety of dis or ders, and an approx i mate 1000-fold 
range of rAAV vec tor doses,24 no DRG tox ic ity clin i cal symp toms 
have been observed out side of a sin gle recently reported case. 
A trial par tic i pant who received an rAAVrh10 vec tor (a cap sid not 
cur rently used for hemo philia) by intra the cal injec tion to deliver 
microRNA for amyotrophic lat eral scle ro sis presented with symp-
toms and imag ing con sis tent with DRG tox ic ity; symp toms 
dimin ished with glu co cor ti coid and sup port ive care inter ven tion 
but had not been com pletely ame lio rated at the time of pub-
li ca tion.25 Whether DRG tox ic ity will be route of admin is tra tion, 
cap sid, or rAAV vec tor dose depen dent and/or a poten tial rAAV 
vec tor plat form tox ic ity is unclear.

The major iden ti fied long-term safety con cerns of sys temic 
rAAV vec tors are the risks of hep a to tox ic ity and genotoxicity. 
Direct sequenc ing data in ani mals and humans dem on strate that 
AAV inte gra tion can occur and has a pro pen sity for sites of active 
tran scrip tion.26-30 Data in neo na tal mice dem on strated AAV inte-
gra tion that disrupted the murine Rian locus (that does not have 
a human ortholog) and resulted in near 100% pen e trance of hepa-
to cel lu lar car ci noma (HCC).29 A sub se quent murine study dem-
on strated that the risk of HCC cor re lated directly with the rAAV 
vec tor dose and degree of cel lu lar divi sion and that hepa to cyte-
spe cific enhancer and pro moter ele ments protected against 
onco gen e sis, while non-hepa to cyte-spe cific ele ments increased 
HCC risk.27 This would thus sup port using the low est pos si ble 
effec tive vec tor dose with hepa to cyte-spe cific pro moter and 
enhancer ele ments to min i mize genotoxicity risk. Recently, stud-
ies in HA dogs followed for 10 years post rAAV vec tor dem on-
strated evi dence of clonal pro lif er a tion at sites of AAV inte gra tion 
in liver tis sue with out tumor i gen e sis but were the first large-ani-
mal data to sup port the the o ret i cal risk of genotoxicity.30

Nearly all  severe hemo philia patients >40 years of age con-
tracted iat ro genic hep a ti tis B virus and/or HCV, which are 
known risk fac tors for HCC such that the hemo philia pop u la tion 
has an increased risk of HCC rel a tive to the gen eral pop u la-
tion.31 Published 15-year fol low-up data of the first par tic i pants 
to receive a sys temic rAAV vec tor (HB sub jects) dem on strated 
no evi dence of long-term hepatoxicity, but the report is lim ited 
in inter pre ta tion due to small cohort size and the absence of 
detect able transgene expres sion or direct sequenc ing data to 
con firm the per sis tence of trans duced hepa to cytes.32 A sin gle 
clin i cal trial par tic i pant in an HB trial with prior long-term HCV 

Figure 1. Biochemical characterization of FIX-Padua (FIX-R338L).
Data support that FIX-R338L requires factor VIIIa (FVIIIa) cofactor 
function for enzymatic activity to generate factor Xa (FXa) from 
FX and is similarly activated for factor XIa (FIXa) and inactivated 
by antithrombin (AT). Modified with permission from Samelson- 
Jones et al.7

infec tion and other risk fac tors for HCC devel oped HCC approx-
i ma tely 1 year fol low ing vec tor infu sion. Recently presented 
tumor sequenc ing data dem on strated the expected ran dom, 
low-fre quency AAV inte gra tions with out evi dence of clonality 
as well as well-described HCC-asso ci ated genetic changes, 
suggesting that rAAV vec tor admin is tra tion did not con trib ute 
to HCC devel op ment.33 There is thus far no clin i cal evi dence to 
sug gest that sys temic rAAV vec tor deliv ery is a risk fac tor for 
the devel op ment of HCC. Ultimately, cohorts out side the adult 
hemo philia pop u la tion may more closely mimic the risk fac tors 
iden ti fied in mice for the devel op ment of HCC post sys temic 
rAAV vec tor infu sion. Specifically, infants and tod dlers (who 
have inher ent greater degrees of cel lu lar divi sion than adults) 
who receive higher sys temic rAAV vec tor doses that con tain 
ubiq ui tous pro mot ers will be impor tant pop u la tions to fol low 
to eval u ate long-term AAV genotoxicity.

What are the transgene safety con sid er ations?
The gen er ally iden ti fied safety con cerns related to transgene 
expres sion include an immu no log i cal response to the expressed 
pro tein and direct transgene tox ic ity. Taking the lat ter first, epi-
de mi o log i cal stud ies have outlined that supraphysiologic FIX:C 
has a mod er ate, inde pen dent risk of venous throm bo sis (odds 
ratio, 1.8-4.0) rel a tive to supraphysiologic FVIII:C (OR, 8.8-21.3).34 
Biochemical data sup port that FIX-R338L func tion, like wild-type 
FIX, requires FVIIIa cofac tor func tion for enzy matic activ ity and 
is sim i larly acti vated by FXIa and inactivated by anti throm bin 
(Figure 1), supporting that FIX-R338L is reg u lated the same as wild-
type FIX7 and is not inher ently not prothrombotic. Consistent with 
this, observed throm botic events in mice expressing  wt-FIX or 
FIX-R338L cor re lated with the degree of supratherapeutic FIX:C, 
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inde pen dent of the expressed transgene.35 Concurrently, HB 
gene ther apy tri als using the FIX-R338L transgene achieved FIX:C 
in the range of mild or nor mal HB with out safety con cerns. A sin-
gle FIX-R338L trial reported throm bo sis in a sub ject who achieved 
supraphysiologic FIX:C with mul ti ple prothrombotic comorbid-
ities (obe sity, kid ney fail ure with an arte rio ve nous fis tula).10 This 
obser va tion when paired with epi de mi o log i cal data of supraphys-
iologic fac tor activ ity and venous throm bo sis risk under scores 
the impor tance of maintaining expres sion within a ther a peu tic 
 win dow. In addi tion to throm bo sis risk, the expres sion of FVIII or 
FIX-R388L could impart direct cel lu lar tox ic ity, which is one pos si-
ble cause of the unex pected declin ing FVIII expres sion observed 
in the first HA gene ther apy trial detailed below.

While mul ti ple immu no log i cal responses to the expressed 
transgene are pos si ble, the most concerning is the devel op ment 
of inhib i tory antibodies, which have not been observed in clin i-
cal trial. However, cur rent trial enroll ment includes patients who 
are the least likely to develop an inhib i tor (eg, par tic i pants with 
prior or cur rent inhib i tors are excluded and must have >50-150 

fac tor expo sures). Nonetheless, inhib i tor risk post gene ther apy 
is gen er ally thought to be unlikely because of small- and large-
ani mal data that dem on strate the abil ity of hepa to cyte-directed 
gene ther apy to induce tol er ance to FVIII, FIX, or FIX-R338L.35-37 
These ani mal stud ies show that future gene trans fer may ulti-
mately be an effec tive means for FVIII tol er ance induc tion in 
HA patients with inhib i tors; ini ti at ing clin i cal tri als for tol er ance 
induc tion was recently supported by con sen sus rec om men da-
tions fol low ing a National Heart, Lung, and Blood Institute State 
of the Science of FVIII inhib i tors.38

What are the pre lim i nary effi cacy data?
The approx i mate homo ge neous and remark able phe no typic 
ame lio ra tion that has been observed with het ero ge neous trans-
gene-derived fac tor activ ity supporting fac tor activ ity itself 
should not be the sole distinguishing fea ture of clin i cal pro-
grams (Figure 2). Specifically, cur rently avail  able data are con sis-
tent with HA nat u ral his tory stud ies that sug gest fac tor activ ity 
>10% ame lio rates spon ta ne ous bleed ing; how ever, higher fac tor 

Figure 2. Aggregated reported annualized bleeding rate data for hemophilia A and B clinical trials before (blue) and after (maroon) 
receiving the described recombinant AAV vectors. The dotted line denotes an annualized bleeding rate of 1.AAV8-wt-FIX, also known 
as scAAV2/8-LP1-hFIXco. Data from Nathwani et al.45 AMT-060 data from Miesbach et al.12 AMT-061, now etranocogene dezaparvovec, 
data from Pipe et al.8 SPK-9001, now fidancogene elaparvovec, data from George et al.9 BMN270, now valoctocogene roxaparvovec, 
data from Pasi et al.11 SPK-8011 data from George et al.14
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activ ity is likely required among patients with marked preexist-
ing joint dis ease. Most tri als report an unpre dict able range of 
expres sion of 5- to 10-fold var i abil ity (some tri als up to 50- to 
100-fold) such that it is not cur rently pos si ble to tar get expres-
sion based on indi vid ual patient needs.9,10,11,13,14,39 Correspondingly, 
an up to 7-fold var i abil ity in trans duc tion was dem on strated in a 
chi me ric murine model of human hepa to cytes.40 This degree of 
var i able expres sion in a clonal mouse pop u la tion is con sis tent 
with the mul ti ple var i ables that exist from vec tor infu sion to 
transgene expres sion1 that may neces si tate tol er ance for a range 
of transgene expres sion, albeit hope fully to a lesser degree than 
has thus far been reported. This under scores the need for an 
accu rate mea sure ment of in vivo activ ity of transgene hemo-
static func tion to define the range of tol er a ble safe and effi ca-
cious expres sion.

In HA and HB efforts, there is a dis crep ancy in transgene- 
derived fac tor activ ity by one-state assay (OSA) and chro mo genic 
assay (CSA). Transgene-derived FVIII:C by OSA mea sures approx-
i ma tely 1.6-fold higher than CSA in humans15,39-42 and mice,43 which 
dif fers from the expe ri ence with recom bi nant pro tein prod ucts 
of the same amino acid sequence. Which assay cor re lates with 
in vivo hemo static ben e fit is unclear. Current tri als tar get exog e-
nous FVIII expres sion, and whether this mildly alters bio chem i cal 
prop er ties of the pro tein is hypoth e sized (eg, changes in von Wil-
lebrand fac tor affin ity or FVIII cleav age by throm bin or fac tor Xa) 
but not deter mined. Similarly, FIX-R338L deter mined that FIX:C 
mea sures higher by OSA vs CSA FIX:C; how ever, unlike HA, this 
obser va tion is also maintained with recom bi nant FIX-R338L and 
con sis tent with the avail  able bio chem i cal under stand ing of FIX-
R338L.44 Additionally, unlike HA tri als, OSA deter mined that FIX:C 
from FIX-R338L expres sion dif fers by ini ti at ing reagents.44

How long will the ther apy last?
Thus far, clin i cal trial efforts in HB gene trans fer mir ror hemo-
philia canine mod els of rAAV-medi ated gene trans fer that 
dem on strated no decline in FVIII or FIX expres sion for up to 

8 years post gene trans fer.16,30,42,45,46 In con trast, the first phase 
1/2 HA gene ther apy trial of valoctocogene roxaparvovec 
at a dose of 6 × 1013 vg/kg dem on strated an aver age loss of 
approx i ma tely 40% of transgene expres sion from year 1 to 
year 2 post vec tor (n = 7)11,15; sim i lar obser va tions were observed 
among the 17 phase 3 par tic i pants administered the same vec-
tor dose who were followed for >2 years.13 Available phase 
1/2 data of par tic i pants 5 years post valoctocogene roxapar-
vovec dem on strated a con tin ued, but lesser, decline in FVIII 
expres sion in years 2 to 5.47 In con trast, a phase 1/2 study of 
SPK-8011 for HA at vec tor doses 5 × 1011 to 2 × 1012 vg/kg dem-
on strated dif fer ent phar ma co ki net ics of expres sion such that 
the 12 par tic i pants with sustained expres sion out side the cel-
lu lar immune response and followed for >2 years dem on-
strated no appar ent decline in expres sion from year 1 to year 2 
(Figure 3).14 Some of these sub jects have been followed for up to 
4 years and dem on strate gen er ally sta ble FVIII expres sion after  
1 year post vec tor; these pre lim i nary SPK-8011 data gen er ally 
sup port the cur rent strat egy of targeting hepa to cytes for mul-
ti year sta ble FVIII expres sion. Given that the transgene is main-
tained epi som ally, some degree of declin ing expres sion over 
mul ti year fol low-up may be antic i pated, although it is unclear 
how rap idly, but the mech a nism of loss or the more marked 
decline in FVIII expres sion from year 1 to year 2 observed with 
valoctocogene roxaparvovec is unknown. Possible hypoth e-
ses include (1) an unfolded pro tein response, which has been 
described in mam ma lian expres sion sys tems of recom bi nant 
FVIII pro duc tion and in mouse mod els of supratherapeutic but 
not low lev els of FVIII expres sion post rAAV48-50; (2) pro moter 
silenc ing; (3) an ongo ing unde tected/unmit i gated immune 
response to AAV or the transgene; or (4) fail ure to form sta ble 
concatermized epi somal DNA due to prop er ties of the vec tor.

What do AAV neu tral iz ing antibodies mean?
AAV neu tral iz ing antibodies (NAb) are incor po rated into most 
eli gi bil ity cri te ria in hemo philia and other dis ease mod els 

Figure 3. FVIII activity 1 and 2 years post vector infusion in trial participants who received a therapeutic vector dose (6 × 1013 vg/kg 
of AAV5-hFVIII vs 5 × 1011 to 2 × 1012 vg/kg of SPK 8011) that maintained expression and were followed >2 years post vector. FVIII ac-
tivity is reported by 1-stage assay for SPK-8011 participants and CSA in participants who received AAV5-hFVIII. Data for AAV5-hFVIII 
are from Pasi et al11 and data for SPK-8011 are from George et al.14
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using sys temic AAV vec tors. While results of the assay have 
an impact on eli gi bil ity, the assays are not stan dard ized, can 
yield highly var i able results depending on the assay meth-
ods (eg, trans duc tion vs enzyme-linked immu no sor bent assay 
based, employed multiplicity of infection, etc), and do not 
always have a clear cor re la tion with clin i cal out come. None-
theless, most avail  able data sup port the fact that high-titer 
AAV NAb pre clude tar get tis sue trans duc tion of a sys tem i-
cally admin is tered rAAV vec tor and thus limit effi cacy. A sin gle 
AAV5 trial using a dose of 2 × 10 vg/kg is enroll ing par tic i pants 
inde pen dent of AAV NAb sta tus and has dem on strated trans-
gene expres sion in all  par tic i pants except the par tic i pant with 
the highest mea sured AAV NAb (>1:3000).8,13 These data chal-
lenge existing notions that would oth er wise pre dict preex-
isting AAV NAb to pre clude effi cacy. Details of the AAV NAb, 
thus far unre ported, are nec es sary to inter pret the data and 
whether these data are spe cific to rAAV5 and/or the vec tor 
dose used or may be par tially explained by meth ods used to 
per form the AAV NAb.

Following rAAV vec tor admin is tra tion, patients uni ver sally 
develop per sis tent, multiserotype cross-reac tive AAV NAb 
that avail  able data sug gest would pre clude repeat rAAV vec-
tor effi cacy.32,51 This under scores that patients inter ested in 
gene ther apy must rec og nize that the cur rent state of clin i cal 
devel op ment likely only per mits 1 sys temic rAAV vec tor infu-
sion. Thus, outlining the cur rent known and unknown infor ma-
tion regard ing rAAV gene ther apy for hemo philia is essen tial 
to pro vide true informed con sent for both clin i cal tri als and 
antic i pated soon-to-be licensed vec tors (Figure 4); this will be 
nec es sary to avoid “buyer’s remorse” should one receive an 
rAAV vec tor that is ulti mately found to be infe rior to another 
rAAV vec tor.

What other approaches are in devel op ment?
Safely achiev ing sustained, sta ble, and pre dict able FVIII or FIX 
expres sion, even in the pres ence of an immune response, is 
an unre al ized goal of hemo philia gene ther apy. Beyond gene 
addi tion approaches, gene editing using lipid nanoparticles to 
deliver mRNA encoding Cas9 and gRNA and a donor FIX cDNA 
tem plate via an rAAV vec tor to knockin F9 into the albu men 
locus have dem on strated nor mal lev els of FIX expres sion in an 
NHP model.52 In addi tion, lentiviral vec tors for either sys temic 
infu sion,53 ex vivo trans duc tion of hema to poi etic stem cells,54-56 
or induced plu rip o tent stem cells are being pur sued in pre clin-
i cal inves ti ga tion and early-phase clin i cal trial (clinicaltrials.gov; 
NCT03818763).57

Will hemo philia gene ther apy ever be main stream?
Building on the remark able successes the field has seen over the 
past approx i ma tely 5 years will be pred i cated on the thought ful 
inves ti ga tion of ques tions that have emerged from clin i cal tri als. 
Optimism in the field will con tinue to prog ress, buoyed by 3 gen-
eral strengths: (1) a strong under stand ing of the molec u lar and 
bio chem i cal basis of HA and HB, (2) an orga nized patient advo-
cacy and phy si cian pro vider net work that fos ters basic research 
and clin i cal tri als, and (3) a rap idly expanding knowl edge base in 
gene ther apy with sig nifi  cant finan cial invest ment. Collectively, 
these strengths ensure that gene ther apy will ful fill its prom ise to 
alter the par a digm of hemo philia care.
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